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Coupled Linear Boltzmann Transport and hydrodynamics (CoLBT-hydro) is developed for co-
current and event-by-event simulations of jet transport and jet-induced medium excitation (j.i.m.e.)
in high-energy heavy-ion collisions. This is made possible by a GPU parallelized (3+1)D hydrody-
namics that has a source term from the energy-momentum deposition by propagating jet shower
partons and provides real time update of the bulk medium evolution for subsequent jet transport.
Hadron spectra in γ-jet events of A+A collisions at RHIC and LHC are calculated for the first
time that include hadrons from both the modified jet and j.i.m.e.. CoLBT-hydro describes well
experimental data at RHIC on the suppression of leading hadrons due to parton energy loss. It
also predicts the enhancement of soft hadrons from j.i.m.e. The onset of soft hadron enhancement
occurs at a constant transverse momentum due to the thermal nature of soft hadrons from j.i.m.e.
which also have a significantly broadened azimuthal distribution relative to the jet direction. Soft
hadrons in the γ direction are, on the other hand, depleted due to a diffusion wake behind the jet.
PACS numbers: 25.75.-q, 25.75.Bh,25.75.Cj,25.75.Ld
Introduction. Parton energy loss in dense medium was
predicted to lead to jet quenching in heavy-ion collisions
[1]. Experimental discovery of jet quenching at Relativis-
tic Heavy-ion Collider (RHIC) provides important evi-
dence for the formation of strongly coupled quark-gluon
plasma (QGP) [2, 3]. Recent theoretical and experimen-
tal progress at both RHIC and the Large Hadron Collider
(LHC) have advanced the jet tomography as a powerful
tool for the study of QGP properties [4–6].
Jet quenching leads to suppression of leading hadrons,
dihadron and γ-hadron correlations, due to parton energy
loss [7–10]. It also modifies jet spectra, dijet and γ-jet
correlations, jet profiles and jet fragmentation functions
[11–21]. Since jets are reconstructed from collimated
cluster of hadrons within a jet cone, the final jet modifi-
cation will be determined not only by energy loss of the
leading jet shower partons but also how the lost energy is
redistributed in the medium through induced radiation,
rescattering and jet-induced medium excitation (j.i.m.e.)
[22–26]. Similarly, dissipation of lost energy in medium
can also influence soft hadron spectra associated with
hard jet production [27]. Tomography of QGP with jets
and jet-hadron correlations therefore requires a complete
understanding of both jet transport in a fluctuating and
dynamically evolving QGP medium and j.i.m.e..
Jet-induced medium excitation in heavy-ion collisions
has been the subject of many recent studies [28–30]. The-
oretical tools used include parton transport [31–37], hy-
drodynamics [38–41] and AdS/CFT [42, 43]. The Linear
Boltzmann Transport (LBT) model has been developed
for the study of both jet transport and j.i.m.e. in QGP
[22, 30, 35–37]. It simulates the propagation of not only
jet shower partons and radiated gluons but also recoil
and back reaction partons from jet-medium interaction
within perturbative QCD (pQCD).
We have recently developed the first Coupled Lin-
ear Boltzmann Transport and hydrodynamics (CoLBT-
hydro) in which LBT for jet propagation is coupled
to (3+1)D relativistic hydrodynamics in real time. In
this coupled approach, LBT provides a source term for
energy-momentum deposition by propagating partons
in the hydrodynamics which in turn updates the bulk
medium profile for LBT in the next time step. CoLBT-
hydro for event-by-event simulations is made possible
only with a Graphics-Processing-Unit (GPU) parallelized
(3+1)D hydrodynamics. It combines the pQCD ap-
proach for the propagation of energetic jet shower partons
with the hydrodynamic evolution of the strongly coupled
QGP medium, including j.i.m.e.. It therefore can de-
scribe both high and low pT phenomena in high-energy
heavy-ion collisions. We report in this Letter our first
study of γ-hadron correlations with CoLBT-hydro. We
study in particular the effect of j.i.m.e. in soft hadrons
associated with the suppression of leading hadrons due to
parton energy loss in γ-jet events of heavy-ion collisions.
LBT model. In LBT model, jet transport is simulated
according to a linear Boltzmann equation [60]
pa · ∂fa =
∫ ∏
i=b,c,d
d[pi]
γb
2
(fcfd − fafb)|Mab→cd|2
×S2(sˆ, tˆ, uˆ)(2pi)4δ4(pa+pb−pc−pd) + inelastic, (1)
where d[pi] = d
3pi/[2Ei(2pi)
3], γb is the color-spin de-
generacy for parton b, fi = 1/(e
pi·u/T ± 1) (i =
b, d) are parton phase-space distributions in a thermal
medium with local temperature T and fluid velocity
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2u = (1, ~v)/
√
1− ~v2, fi = (2pi)3δ3(~p − ~pi)δ3(~x − ~xi − ~vit)
(i = a, c) are the phase-space density for jet shower par-
tons before and after scattering. S2(sˆ, tˆ, uˆ) = θ(sˆ ≥
2µ2D)θ(−sˆ + µ2D ≤ tˆ ≤ −µ2D) is introduced [44] to reg-
ulate the collinear divergency in the leading-order (LO)
elastic scattering amplitude |Mab→cd|2 [45], where sˆ, tˆ,
and uˆ are Mandelstam variables, and µ2D = 3g
2T 2/2 is
the Debye screen mass with 3 quark flavors. The cross
section of corresponding elastic collision is dσab→cd/dtˆ =
|Mab→cd|2/16pisˆ2. The strong coupling constant αs =
g2/4pi is fixed and will be fitted to experimental data.
The inelastic process of induced gluon radiation accom-
panying each elastic scattering is also included in LBT.
The radiated gluon spectrum is simulated according to
the high-twist approach [46, 47],
dNag
dzdk2⊥dτ
=
6αsPa(z)k
4
⊥
pi(k2⊥ + z2m2)4
p · u
p0
qˆa(x) sin
2 τ − τi
2τf
, (2)
where m is the mass of the propagating parton, z
and k⊥ are the energy fraction and transverse momen-
tum of the radiated gluon, Pa(z) the splitting function,
τf = 2p0z(1− z)/(k2⊥ + z2m2) the gluon formation time,
qˆa(x) =
∑
bcd ρb(x)
∫
dtˆq2⊥dσab→cd/dtˆ the transverse mo-
mentum transfer squared per mean-free-path or jet trans-
port parameter in the local comoving frame, ρb(x) is the
parton density (including the degeneracy) and τi is the
time of the last gluon emission. µD is used as an infrared
cut-off for the gluon’s energy.
Within LBT, the probability of elastic scattering in
each time step ∆τ during the propagation of a parton
is P ael = 1 − exp[−∆τΓela (x)], where Γela ≡
∑
bcd(p ·
u/p0)ρb(x)σab→cd is the elastic scattering rate. The prob-
ability for inelastic process is P ainel = 1−exp[−∆τΓinela (x)]
where Γinela =
∫
dzdk2⊥(dN
a
g /dzdk
2
⊥dτ)/(1 + δ
a
g ) is the
gluon radiation rate. The total scattering probability
P atot = P
a
el(1−P ainel)+P ainel can be split into the probabil-
ity for pure elastic scattering and the probability for in-
elastic scattering with at least one gluon radiation. Mul-
tiple gluon radiation is simulated by a Poisson distribu-
tion with the mean 〈Nag 〉 = ∆τΓinela .
Since LBT is designed to study both jet propagation
and j.i.m.e., all final partons after each scattering (jet
shower partons, recoil medium partons and radiated glu-
ons) will go through further scattering in the medium.
To account for the back reaction in the Boltzmann trans-
port, initial thermal parton b in each scattering, denoted
as “negative” partons with negative energy-momentum,
are also transported according to the Boltzmann equa-
tion. They are part of the j.i.m.e. [22, 30, 35] and their
energies and momenta will be subtracted from all final
observables. LBT has been employed to study success-
fully γ-jet modification, light and heavy flavor hadron
suppression in heavy-ion collisions [22, 36, 37].
CoLBT-hydro model. In LBT, a hydrodynamic model
provides information on the local temperature and fluid
velocity of the bulk medium which evolves independently
of the jet propagation. Parton-medium interaction at
all energy scales is described by pQCD and linear ap-
proximation (δf  f) is assumed which will break down
when the j.i.m.e. becomes appreciable. To extend LBT
beyond this region of applicability, we have developed
CoLBT-hydro in which jet transport is coupled to hy-
drodynamic evolution of the bulk medium in real time
and j.i.m.e. is also described by hydrodynamics. Such
coupling is achieved through a source term in the hydro-
dynamic equation, ∂µT
µν = jν ,
jν =
∑
i
θ(p0cut − pi · u)dpνi /dτ
τ(2pi)3/2σ2rσηs
× exp
[
− (~x⊥ − ~x⊥i)
2
2σ2r
− (ηs − ηsi)
2
2σ2ηs
]
, (3)
which is the energy-momentum deposition by soft (p·u <
p0cut) and “negative” partons (p · u < 0) from LBT with
a Gaussian smearing. We employ the CCNU-LBNL vis-
cous (CLVisc) code [48, 49] to solve the (3+1)D hydrody-
namics with the above source term and a parametrized
equation of state (EoS) s95p-v1[50]. CLVisc parallelizes
Kurganov-Tadmor algorithm [51] for space-time evolu-
tion of the bulk medium and Cooper-Frye particlization
on GPU, using Open Computing Language (OpenCL).
With massive amount of computing elements on GPUs
and the Single Instruction Multiple Data (SIMD) vector
operations on modern CPUs, CLVisc brings the best per-
formance boosts so far to (3+1)D hydrodynamics on het-
erogeneous computing devices and makes event-by-event
CoLBT-hydro simulations possible.
In CoLBT-hydro, both LBT and CLVisc are formu-
lated in the Milne coordinates (τ, ~x⊥, ηs) and are simu-
lated in sync with each other. For each time step ∆τ ,
transport of jet shower partons are carried out according
to LBT with local temperature and fluid velocity from
CLVisc at τ . Soft and “negative” partons are removed
from the list of partons in LBT after each scattering
and their energy-momentum contributes to the source
term according to Eq. (3) in the hydrodynamic evolu-
tion of the bulk medium. The updated local medium
properties will be used in the transport of energetic
partons (p · u > p0cut) within LBT for the next time
step τ + ∆τ . The initial energy-momentum density dis-
tributions for event-by-event CoLBT-hydro simulations
are obtained from particles in A Multi-Phase Transport
(AMPT) model [52] with the same Gaussian smearing
as in Eq. (3) (σr = 0.6 fm and σηs = 0.6). The nor-
malization of the initial energy-momentum density, the
initial time τ0 = 0.4 fm/c and freeze-out temperature
Tf = 137 MeV are fitted to reproduce experimental data
on the final charged hadron rapidity and transverse mo-
mentum distributions [49, 53, 54]. We employ the parton
recombination model [55] developed within the JET Col-
laboration for hadronization of hard partons from LBT.
The final hadron spectra from CoLBT-hydro include con-
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FIG. 1: Energy density (GeV/fm3) and γ-jet evolution in
the transverse plane at ηs = 0, τ = 2.0 (a,b) and 4.8 fm/c
(c,d) in a 0-12% central Au+Au collision at
√
s = 200 AGeV.
Straight (wavy) lines represent partons’ (photon) momenta.
Hydrodynamic background from the same event without γ-jet
is subtracted in the right panels.
tributions from both LBT via parton recombination and
CLVisc via Cooper-Frye freeze-out. The ideal version of
CLVisc is used for most of our calculations. Detailed
descriptions of the CoLBT-hydro model and the discus-
sion of effect of viscosity will be given in a forthcoming
publication.
To illustrate jet transport and j.i.m.e. in CoLBT-hydro
simulations we show in Fig. 1 transverse distributions of
the energy density at two different time τ = 2.0 (up-
per panels) and 4.8 fm/c (lower panels) in a 0-12% cen-
tral Au+Au collision at
√
s = 200 AGeV with a γ-jet
that is produced at the center of the overlap region. The
(wavy) straight lines represent the momenta of (γ) hard
jet shower partons. The left panel is from CoLBT-hydro
with a γ-jet. The Mach-cone-like j.i.m.e. including the
diffusion wake (depletion of energy density behind the
jet) is clearly seen in the right panels where the same
bulk medium evolution without the γ-jet is subtracted.
γ-hadron correlation. Modification of γ-hadron cor-
relations has been proposed as a good probe of parton
energy loss in QGP medium [7] since direct photons can
be used to better measure the initial jet energy. We carry
out the first study of jet quenching with CoLBT-hydro
as well as j.i.m.e. through γ-hadron correlations in high-
energy heavy-ion collisions.
We use Pythia8 [56] to generate initial jet shower par-
tons for γ-jet events in p+p collisions. These partons
start to interact with the medium in CoLBT-hydro after
their formation time τf = 2p0/p
2
T or the QGP forma-
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FIG. 2: (a) γ-triggered jet fragmentation functions in p+p
and 0-12% Au+Au collisions at
√
s = 200 AGeV and (b) the
modification factor as compared to STAR data [58]. Results
without j.i.m.e. and with viscous correction (for η/s=0.16)
are shown in dashed and dot-dashed lines, respectively.
tion time τ0 whichever later. The initial position of the
γ-jet is sampled according to the spatial distribution of
binary hard processes from the same AMPT event that
provides the initial condition for the bulk medium evo-
lution. The final hadron spectrum per γ trigger, defined
as the γ-triggered fragmentation function,
D(z) =
dNh
dz
∣∣∣∣
LBT
+
dNh
dz
∣∣∣∣w/jet
hydro
− dNh
dz
∣∣∣∣no/jet
hydro
, (4)
z = phT /p
γ
T , is the sum of hadron spectra from LBT
and CLVsic in CoLBT-hydro minus the background from
CLVisc with the same initial condition but without γ-jet.
Shown in Fig. 2(a) are CoLBT-hydro results for the
γ-triggered fragmentation functions in p+p and 0-12%
central Au+Au collisions at
√
s = 200 AGeV and
(b) the corresponding modification factors IAA(z) =
DAA(z)/Dpp(z) for 12 < p
γ
T < 20 GeV/c within pseudo-
rapidity |η| < 1 and azimuthal angle |∆φγh−pi| < 1.4. A
constant background in the hadron yield from CoLBT-
hydro in p+p and Au+Au collisions is subtracted sepa-
rately using the zero-yield-at-minimum (ZYAM) method
similarly as in the experimental analyses. CoLBT-hydro
describes well the STAR experimental data [58] on sup-
pression of leading hadrons at intermediate and large
z due to energy loss of hard partons within LBT. Soft
hadrons at small z < 0.1 are significantly enhanced due
to contributions from j.i.m.e. as compared to that with-
out (also excluding recoil thermal partons in LBT). The
only parameter that controls parton energy loss in LBT
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FIG. 3: Modification factor for γ-hadron correlation as a func-
tion of ξ = log(1/z) for |ηh,γ | < 0.35 and different pγT in 0-40%
and 0-12% Au+Au collisions at
√
s = 200 AGeV with (solid)
and without j.i.m.e (dashed) as compared to the STAR [58]
and preliminary PHENIX data [59].
is the strong coupling constant which we choose αs = 0.3
to fit the STAR data. The cut-off parameter is set at
p0cut = 2 GeV for soft partons that contribute to the
source term for CLVisc. The final combined spectra from
LBT and CLVisc are not sensitive to p0cut within the
range 1 < p0cut < 4 GeV. Though the effect of viscos-
ity can be significant for hadron spectra from the bulk
[57] and j.i.m.e. at large pT , viscous correction to the
final fragmentation function is only sizable (about 10-
20% for η/s = 0.16) at low z where j.i.m.e. contribution
dominates as shown by the dot-dashed lines.
To exam j.i.m.e. in detail, we show in Fig. 3(a)-(c)
the modification factor IAA for γ-hadron correlation with
(solid) and without j.i.m.e. (dashed lines) as a function
of ξ = log(1/z) in 0-40% and 0-12% Au+Au collisions
at
√
s = 200 AGeV for different ranges of pγT within
|η| < 0.35 and |∆φγh − pi| < pi/2 as compared to experi-
mental data [58, 59]. Jet-medium interaction in CoLBT-
hydro leads to the suppression of hadrons at small ξ as
well as enhancement at large ξ that are consistent with
STAR [58] and preliminary PHENIX data [59]. Since
soft hadrons from j.i.m.e. carry an average thermal en-
ergy that is independent of the jet energy, a unique fea-
ture of the CoLBT-hydro results is that the onset of soft
hadron enhancement (IAA ≥ 1) due to j.i.m.e. occurs at
a constant phT ∼ 2 GeV/c or ξ = ln(pγT /phT ) that increases
logarithmically with pγT . We also show in Fig. 3(d) our
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FIG. 4: γ-hadron azimuthal correlation for |ηh,γ | < 1.0, 12 <
pγT < 20 GeV/c and different p
h
T in p+p (triangle) and 0-12%
central Au+Au collisions with (circle) and without (diamond)
j.i.m.e. at
√
s = 200 AGeV. The half width σ is obtained via
a Gaussian fit within |∆φhγ − pi| < 1.4.
prediction on IAA for pT γ > 60 GeV in central Pb+Pb
collisions at the LHC energy
√
s = 5.02 TeV.
To illustrate the angular structure of j.i.m.e., we plot
in Fig. 4 γ-hadron correlation as a function of ∆φγh in
p+p and 0-12% central Au+Au collisions at
√
s = 200
AGeV (without ZYAM background subtraction). Large
pT hadron yields from γ-jet in Au+Au are suppressed but
the width of their angular distributions remain approxi-
mately unchanged from p+p. The angular distributions
for the enhanced soft hadrons in Au+Au are, however,
significantly broadened. The enhancement due to j.i.m.e.
occurs both in the small |∆φγh − pi| < pi/6 and large az-
imuthal angle pi/3 < |∆φγh − pi| < pi/2 region relative
to the jet direction. The most interesting feature in the
angular distribution of soft hadrons is the depletion of
soft hadrons in the γ direction due to the diffusion wake
left behind by the jet in QGP.
Summary. We have developed the state of art CoLBT-
hydro for co-current and event-by-event simulations of
jet propagation and hydrodynamic evolution of the bulk
medium including j.i.m.e.. We carried out the first
study with CoLBT-hydro of the medium modification of
γ-hadron correlations in heavy-ion collisions at RHIC.
CoLBT-hydro describes well the suppression of leading
hadrons due to parton energy loss and predicts an en-
hancement of soft hadrons due to j.i.m.e.. The onset of
soft hadron enhancement at a constant phT with broad-
ened angular distribution and depletion of soft hadrons in
the γ direction are two unique features of j.i.m.e. that are
5different from the parton cascade picture [23, 25]. Exper-
imental studies of these effects at RHIC ( sPHENIX) and
LHC should provide a new window into jet tomography
of QGP in high-energy heavy-ion collisions.
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